The phylum Porifera (sponges) was the first to diverge from the common ancestor of the Metazoa. In this study, six cDNAs coding for protein-serine/threonine kinases (PS/TKs) are presented; they have been isolated from libraries obtained from the demosponges Geodia cydonium and Suberites domuncula and from the calcareous sponge Sycon ruphanus. Sequence alignments of the catalytic domains revealed that two major families of PWTK, the "conventional" (Ca*+-dependent) protein kinase C (PKC), the cPKC subfamily, as well as the "novel" (Ca*+-independent) PKC (nPKC), form two separate clusters. In each cluster, the sequence from S. ruphunus diverges first. To approach the question about the origin of protein-tyrosine kinases (PTK), which are found only in Metazoa, we analyzed two additional PS/TKs which have been cloned from S. domunculu: the stress-responsive protein kinase (KRS_SD) and the protein-kinase-C-related kinase (PRICSD). The construction of the phylogenetic tree, comprising the eight PSFI'Ks and the PTK cloned previously from G. cydonium, revealed that the PTK derived from the branch including the KRS_SD kinase. These data facilitate the first molecular approach to elucidate the origin of metazoan PTK within the PWTK superfamily.
Introduction
It is characteristic of all organisms to recognize extracellular signals, initiating intracellularly appropriate, adaptative biological responses. In unicellular and multicellular animals, extracellular cues cause an activation of protein kinases which are involved in signal transduction pathways (Stabel and Parker 1991; Van der Geer, Hunter, and Lindberg 1994) . Among protein kinases, two classes are predominant:
the protein-serine/ threonine kinases (PS/TKs), which are phosphotransferases with a protein alcohol group as acceptor, and the protein-tyrosine kinases (PTKs), which are phosphotransferases with a protein phenolic group as acceptor (Hunter 1991) .
The PS/TK superfamily encompasses the AGC group kinases, which include the cyclic nucleotide-dependent family, the protein kinase C family, the p-adrenergic receptor kinase family, and the ribosomal S6 kinase family (Hardie and Hanks 1995) . The PTK group comprises the enzymes, which phosphorylate tryrosine residues only, and the dual-specific enzymes, which phosphorylate both tryrosine and serine/threonine. The first group of PTKs is further subdivided into two major groups, the receptor tyrosine kinases (RTKs), which are membrane-spanning molecules with similar overall structural topologies, and the nonreceptor TKs (Hardie and Hanks 1995) .
The evolution of the protein kinases has not been studied in detail. The major reason for this is the fact that only a few amino acid (aa) sequences are known which allow conclusive phylogenetic analyses. Refering to animals, PS/TKs have been identified in vertebrates; in a limited number of invertebrate species, including the echinoderm gaster, Caenorhabditis elegans, and the sponge Geodia cydonium; and in the protozoan organism Trypanosoma brucei (reviewed in Kruse et al. 1996) . These PS/TKs have been classified into the protein kinase C (PKC) family, which covers three subfamilies:
the "conventional" PKC (cPKC) subfamily, the "novel" (Ca2+ -independent) protein kinase C (nPKC) subfamily, and the "atypical" PKC subfamily (Hardie and Hanks 1995) .
Until now, PTKs, with the characteristic tyrosine kinase domain, were found only in metazoan (multicellular) organisms (Hardie and Hanks 1995) ; nom-elated tyrosine-phosphorylating enzymes have been identified in yeast (Hunter and Plowman 1997) . The phylogenetically oldest member of PTK, an RTK, has been identified in the sponge G. cydonium (Schacke et al. 1994a (Schacke et al. , 1994b Mtiller and Schacke 1996) . The RTK from G. cydonium is a true receptor TK, as confirmed by immunochemical localization of the protein and by subcellular distribution in the sponge tissue .
All of the known PS/TKs and the PTKs share a related catalytic domain of approximately 270 aa (Hanks, Quinn, and Hunter 1988) , which is further subdivided into 12 smaller subdomains. The consensus sequences of the subdomains are highly similar in PS/T.Ks and PTKs (Hardie and Hanks 1995) . Hence, based on the available sequence data, it can be concluded that the PTKs and the PS/TKs have a common ancestor.
In order to investigate the phylogenetic relationship of the PSflKs and PTKs, selected cDNAs encoding protein kinases belonging to these superfamilies have been isolated from different sponge species. These animals have been used for our studies, because they belong to the oldest extant metazoan phylum. The phylum Porifera (sponges) is divided into (1) Demospongiae, (2) Calcarea, and (3) Hexactinellida (Bergquist 1978 ). Member(s) of Demospongiae PKC-related kinase (PRK) (Palmer, Ridden, and Parker 1995) was isolated from S. domunculu, and another one from the same species, belonging to the group of stressresponsive protein kinases (KRSs) (Creasy and Chernoff 1995) , has been cloned. The new sequences are described. The major emphasis is put on a solution of the open questions about the phylogenetic relationships within these PS/TKs and about the origin of the metazoan PTK. The resulting numbers of independent clones were 5.2 X lo6 for G. cydonium, 1.5 X lo7 for S. domuncula, and 8.7 X lo6 for S. raphanus.
Materials and Methods

Isolation of Protein-Ser/Thr
Kinases cDNAs coding for PS/TK were isolated from G. cydonium, S. domuncula, and S. raphanus cDNA libraries by homology screening with digoxygenin-lldUTP-labeled DNA-probes (DIG random primed DNA labeling kit; Boehringer Mannheim). Screening of the G. cydonium library was performed by using a complete mouse PKCa (Rose-John, Dietrich, and Marks 1988) as a probe (Ausubel et al. 1995) . Within the conserved regions of the kinase domains, the nt identities between the mouse cDNA and the sponge cDNAs are >75%. The kinase domains of the resulting two PKCs of G. cydonium (CPKC-GC, accession number X87683, and NPKC,GC, accession number X87684; Kruse et al. 1996) were subsequently used as probes to screen S. domuncula and S. ruphanus cDNA libraries. Screening of all libraries was performed under low-stringency hybridization conditions of plaque lifts from 3 X lo5 pfu on nitrocellulose.
Filters were hybridized at 37°C overnight in 35% formamide, 5 X SSC, 0.02% SDS, 0.1% N-laurylsarcosine, and 1% blocking reagent (Boehringer Mannheim) containing 10 ng/ml of the DIG-labeled probes). Filters were washed twice in 2 X SSC, 0.1% SDS (5 min, room temperature), followed by two additional washes in 0.1 X SSC, 0.1% SDS (15 min, 42°C). Positive clones were detected with an alkaline phosphatase conjugated anti-digoxygenin antibody using BCIP/NBT as substrate (Blake et al. 1984 program from the PHYLIP package (Felsenstein 1993) . The degree of support for internal branches was further assessed by bootstrapping (Felsenstein 1993) . The distance matrix was calculated as described (Dayhoff, Schwartz, and Orcutt 1978) . The graphical output of the bootstrap figure was produced by the "Treeview"
program (Roderic D. M. Page, University of Glasgow, U.K.; HTTP://http://taxonomy.zoology.gla.ac.uWsoftware.html#Treeviewing).
Multiple alignment using the default options was performed with CLUSTAL W version 1.6 (Thompson, Higgins, and Gibson 1994) , and the graphic presentation was composed with GeneDoc (Nicholas and Nicholas 1996) .
Results
Cloning of Sponge cDNAs Encoding cPKC Suberites domuncula
The cDNA clone CPKCSD, isolated from the cDNA library of S. domunculu, is 2,321 bp long. The open reading frame (ORF) consists of 2,019 bp (starting at nt 17) and encodes a protein of 673 aa; the deduced aa sequence is termed CPKC-SD.
The characteristic sites of this kinase are indicated in figure 1. The PS/TK catalytic domain of CPKC-SD with its 12 subdomains shows all the hallmarks known from sequences of PS/TK isolated from higher metazoa (Hardie and Hanks 1995) (fig. 2 ). The GTPDYIAPE motif (marked in fig.  1 ) and the absence of a tyrosine between DFG and APE triplets are "indicators" that CPKCSD is a PS/TK (Hanks, Quinn, and Hunter 1988) . These latter indicator sequences are present in all PS/TKs described in this paper.
Sycon raphanus
A cDNA (3,244 bp long) encoding a PS/TK was isolated from the cDNA library of S. raphanus and termed CPKCSR; the ORF of 2,268 bp predicts a 756-aa-long protein (CPKC,SR).
The characteristics of CPKC-SR are marked in figure 1. Kruse et al. 1996) , S. domuncula (CPKCSD), and S. ruphanus (CPKC_SR). The following sites are marked: pseudosubstrate sequence ( ---), two zinc fingers (+ + +), C2 domain (= = =), ATP binding region (OOO), PS/TK active-site kinase signature (***), and the indicator signature for PS/TK (-). The boundaries of the catalytic domain are indicated (#+t#).
Residues conserved in all sequences are shown in inverted type; those present in two sequences are shaded.
Since both sequences contain the C2 region, which cPKC from the sponge G. cydonium (k-use et al. 1996) . is believed to be involved in Ca*+ binding (Stabel and The catalytic domains, displaying the highest sequence Parker 1991), they are grouped to cPKC. similarity, were compared ( fig. 2) . A quantitave analysis The alignment in figure 1 shows, in addition to revealed an aa sequence identity (similarity) between the these new PS/TKs, the sequence of a recently described domains in S. d~muncula and G. cydokium of 77% FIG. 2.-Alignment of the catalytic domains of (i) the three sponge group C PS/TKs from G. cydonium (CPKC,GC), S. domunculu (CPKCLSD), and S. ruphunus (CPKC-SR) and (ii) the respective sponge group N PWTKs from G. cydonium (NPKC,GC), S. domunculu (NPKCSD), and S. ruphunus (NPKC_SR); the numbers refer to the aa residues of the respective catalytic domains. All subdomains are shown (I-XI); the nomenclature follows that of Hardie and Hanks (1995) . Residues conserved in all sequences are shown in inverted type; those present in more than three sequences are shaded. 
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LImLI--v pseudo- 3. -Alignment of the newly described sponge nPKCs from S. domunculu (NPKC-SD) and S. ruphanus (NPKC-SR) with the published sequence from G. cydonium (NPKC-GC, accession number X87684; Kruse et al. 1996) . The description of the sites is the same as in the legend to figure 1.
(88%) and one between the domains in S. domunculu and S. raphanus of 65% (80%).
Cloning of Sponge cDNAs Encoding nPKC
In addition to the previously reported nPKC from the sponge G. cydonium (Kruse et al. 1996) , two further PKCs from this group have now been isolated from S. domuncula and S. raphanus. These PKCs are characterized by the lack of a C2 domain signature and are classified as nPKC (Hardie and Hanks 1995) . Also, the new kinases have the typical indicator sites of a PS/TK, no tyrosine between the DFG and APE triplets and the GTPYIWAPE stretch ( fig. 3 ).
S. domuncula
The 2,618-bp-long cDNA clone is termed NPKCSD and the protein is termed NPKC-SD. This kinase displays the typical sites and signatures which are indicated in figure 3.
S. raphanus
The nt sequence encoding an nPKC from this species, termed NPKCSR, has a length of 3,455 bp; the predicted aa sequence is named NPKCSR.
The characteristics of the NPKC-SR sequence are marked in figure 3.
These two kinases show the PS/TK catalytic domain, which can be subdivided into 12 subdomains ( fig.  2) . The two new nPKCs have been aligned with the corresponding sequence from G. cydonium (fig. 3) ; a high similarity, especially within the catalytic domain, is obvious. Again, the S. domunculu nPKC sequence displayed a higher aa sequence identity (similarity) to the respective G. cydonium sequence 76% (86%) than to the S. ruphanus sequence 56% (71%).
Sequence Comparison of Sponge PKC of Groups CandN
The respective three sponge sequences from the C group of PKC and the N group of PKC were subjected Residues conserved in the two sequences are shown in inverted type. The description of the sites is the same as in the legend to figure 1; in addition, the acidic region is indicated (R:::fi). The numbers of the subdomains composing the catalytic domain are listed above the alignment, to phylogenetic analysis. The neighbor-joining analyses revealed that all nPKCs fall in one cluster, and all cPKCs fall in a second one ( fig. 6B ). In addition, it becomes obvious that the nPKC from S. raphanus branches off first from the unrooted tree. With respect to the three cPKC sequences, again, the sequence from S.
raphanus branches off first from the two demospongian sequences. The robustness of the inferred phylogenies was tested with a bootstrap test, which revealed that the branching of the respective sequences has a significance of =lOO%.
Stress-Responsive
Protein Kinase from S. domuncula A stress-responsive protein kinase (KRS) was isolated from the S. domuncula cDNA library. The 1,567-bp-long cDNA KRSSD comprises a deduced polypeptide of 478 aa, termed KRS_SD. The similarity to the human homologous sequence Mst-1 (Creasy and Chernoff 1995) is high, especially within the catalytic domain ( fig. 4) . The overall aa sequence identity (similarity) between the two sequences is 57% (74%).
The sponge KRS and the human MST-l have their PS/TK catalytic domain close to the N-terminus (Katz, Whalen, and Kehrl 1994; Creasy and Chernoff 1995) , a feature which is indicative for the human KRS and the putative Caenorhabditis elegans Ste20 kinase and different from other members of the Ste20 kinase family (Creasy and Chernoff 1995) . The kinase domain of KRS-SD ranges from aa 25 to 297; the approximate locations of the 12 subdomains are indicated in figure 4 , following the suggestions of Katz, Whalen, and Kehrl (1994) . The catalytic domain is followed by a short acidic region, as already reported for the human sequence (Taylor, Wang, and Erikson 1996) .
PRK from S. domuncula
From a human fetal brain library, cDNAs encoding two PRKs, PRKl and PRK2, have been isolated and characterized (Palmer, Ridden and Parker 1995) . A similar kinase was now isolated from S. domuncula. The deduced polypeptide from this sponge displays a sequence identity (similarity) to the human sequence of 57% (74%).
The sponge cDNA, PRKSD, has a size of 3,793 bp; it encodes the 1,102-aa-long putative PRK, PRKSD, which comprises the characteristic features ( fig. 5) . The catalytic domain of the PRK is preceded by the HR2 domain and the N-terminal HRl domain (Palmer, Ridden, and Parker 1995) . The HR2 domain contains at its C-terminus the pseudosubstrate site. The HRl-domain is subdivided into three shorter stretches, HRl-a-c, which are marked in figure 5. These subdomains, with the core sequence GAX1X2, where X1 is a charged residue and X2 is a polar residue, contain five repeated leucine or leucine-related hydrophobic residues.
Relationship of Sponge PS/TK to Sponge PTK Previously, we reported the first PTK from the lowest metazoan phylum, from the sponge G. cydonium. The cDNA encodes an RTK (Schacke et al. 1994a (Schacke et al. , 1994b Miiller and Schacke 1996) . This RTK contains in its putative aa structure (1) the extracellular part with a Pro/Ser/Thr-rich region, and two complete immunoglobulin-like domains, (2) the transmembrane domain, (3) the juxtamembrane region, and (4) the catalytic tyrosine domain. The catalytic domain displays high sequence similarity to the corresponding domains of the PS/TKs in general (Hardie and Hanks 1995) and the sponge sequences, described here. For a direct com- HRl-a to HRl-c, including the GAX,X* core sequence (0~) and the leucine-related hydrophobic aa residues (*) are indicated (O--) and (ii) the HR2 domain (m--) is marked.
parison between the catalytic domains of the sponge PSLIK and the PTK, the subdomains I-XI, known to display the highest similarity (Hunter 1991) have been used (fig. 6A ). The regions of high similarity within the subdomains ' 'ATP-binding region signature," "PS/TK active site kinase signature,"
and "PS/TK indicator sequence" are marked.
An unrooted neighbor-joining tree was constructed from the the catalytic domains of the sponge cPKC, nPKC, KRS, and PRK. It is apparent that the nPKC and the cPKC cluster together, while the third branch of the tree includes the KRS and the RTK (fig. 6B ). The PRK from S. domunculu (PRIGSD) did not fall into any cluster. In the construction of the tree, the sequences from four different src-tyrosine kinases from Spongillu Zucustris (Ottilie et al. 1992 ) have also been included. They branch off later than the G. cydonium RTK; this relationship was expected, because it is known from a recent study that G. cydonium RTK represents the basis for RTKs and also for nonreceptor TKs from higher Metazoa (Gamulin 1997) . The robustness of the inferred phylogenies was tested by a bootstrap test, which revealed that the branching of the nPKC and cPKC has a significance of >87%. The cluster, including the stress-responsive protein kinase [KRSSD] and the RTK from G. cydonium, is separated from the other two by a 100% significance. Within the latter branch, the KRS diverges first, while the RTK from G. cydonium appeared later together with the S. Zucustris src-sequence.
Also, a Serl Thr and Tyr phosphorylating kinase from Succhuromyces cerevisiu (SPKLYEAST) (Allen et al. 1994 ) has been included in the alignment. The catalytic domain of this kinase is as distantly related to the metazoan sponge PKCs as to the tyrosine kinases ( fig. 6B ).
Discussion
Phosphorylation processes at target proteins by protein kinases are key events in the mediation of cellular responses to extracellular stimuli. Two major pathways exist. One involves the PS/TKs, enzymes which are activated by second messengers, e.g. diacylglycerol or CAMP The second messengers are generated by primary effector systems, e.g., phospholipase C or adenylate cyclase, which are coupled via G proteins to sevenspanning membrane-linked receptors. The numbers at the nodes refer to the respective level of confidence (1,000 bootstrap replicates). The scale bar indicates the evolutionary distances.
pathway is the interaction of a specific ligand with its receptor (reviewed in Nishizuka 1992) . In the second pathway, the extracellular signals are transduced across the cellular membrane by transmembrane receptors, which have intrinsic enzymatic activity, as in the group of PTKs (reviewed in Van der Geer, Hunter, and Lindberg 1994) . Although the two kinases function at different positions within the two signal transduction pathway chains, the catalytic domains of PS/TK and PTK are homologous (reviewed in Hunter 1991). The numbers of kinases of both families discovered are growing exponentially; more than 200 kinases have been cloned (Hunter 1991) .
PS/TKs are known from both eukaryotic and prokaryotic organisms (reviewed in Hunter 1991) . A common ancestor for the kinase domain of these enzymes has recently been proposed (Kruse et al. 1996) , while the overall composition of the domains of the PS/TKs differs between metazoan and nonmetazoan organisms (Kruse et al 1996) . The class of serine/threonine kinases comprises the classical PS/TKs but also PS/TK-related kinases, e.g., the KRSs (Taylor, Wang, and Erikson 1996) or the PRKs (Palmer, Ridden, and Parker 1995) .
In contrast to the PS/TKs, the appearance of the PTKs is a relatively recent process and occurred during the transition of the Protozoa to the Metazoa. The phylogenetically oldest enzyme of the PTKs has been described from a member of the oldest metazoan phylum, the sponges (reviewed in Mtiller and Schacke 1996). The work summarized here establishes the emergence of the PTKs within the superfamily of PS/TKs and their related kinases. Members of PS/TKs of the family of cPKCS and nPKCs, as well as of the PUTK-related kinases, a KRS, and a PRK, have been cloned from the demosponges G. cydonium and S. domunculu and from the calcareous sponge S. ruphanus. Based on the analysis of the catalytic domains of the PS/TKs, a phylogentic relationship could be established. Expectedly, the sequences belonging to the family of cPKC cluster together and are separated from those classified as nPKC. The analysis showed in addition that in a third branch, the KRS from S. domunculu is together with the PRK from the same species. Interesting is the finding that the phylogenetically oldest PTK, the RTK from G. cydonium, falls into the same group. This finding is even more striking if the tree also includes the src-related kinases from S. Zucustris (Ottilie et al. 1992) . The phylogenetic analysis revealed that the nonreceptor kinases branched off later than the G. cydonium RTK. Recently, it was summarized that budding yeasts have 113 conventional protein kinase genes, but none of them has true tyrosine kinase signatures, indicating that yeast tyrosine-phosphorylating enzymes constitute a different group of tyrosine kinases (Hunter and Plowman 1997) .
Our finding indicates that the PTKs originated within the superfamily of PS/TKs, a step which occurred during the evolution of sponges. One question to be investigated in the future is that of the relationship of the PS/TKs and PTKs to the tyrosine-threonine kinases, e.g., the MAP kinases, which are present in fungal, plant, and metazoan snecies and comprise signatures related to the Evolution of Metazoau Protein Kinases 1333 PS/TK and PTK (Anderson et al. 1990; Blumer, Johnson, and Lange-Carter 1994; Davis 1994) . A further important outcome of this study is the finding that, based on sequence data from cDNAs and encoding proteinshere the kinases-a phylogenetic positioning of the two sponge classes Calcarea and Demospongiae appears to be possible. In earlier studies, sequence data from 28s rRNAs of Porifera revealed unexpected relationships (Lafay et al. 1992) . Based on these results the phylogenetic relationships showed a separation of the Porifera into groups with different correspondence to the phyla Cnidaria and Ctenophora, hence allowing no conclusive branching order. Also, 18s rRNA sequence analyses did not prove to be suitable to resolve deep branchings in the phylogenetic tree, including that of Porifera (Rodrigo et al. 1994) . In a more recent study (Cavalier-Smith et al. 1996 ) the two classes of Porifera, Calcarea and Demospongiae, are grouped together; within this group the Calcarea are the more recent. These data are in conflict with embryological findings, which suggest that calcareous sponges are more simple than most siliceous sponges, especially with respect to organization of the germ layers (Borojevic 1970) . Our data show that the catalytic domains of both the nPKCs and the cPKCs, cloned from the calcareous sponge S. ruphunus, are phylogenetically older than the derived sequences from the two demosponges. The relationships are statistically robust, as confirmed by bootstrapping.
In conclusion, the present study indicates that, based on the deduced kinase data, the class Calcarea appeared earlier during evolution than the class Demospongiae. Lastly, the phylogenetic analyses strongly suggest that the PTKs have a common ancestor with the PS/TK superfamily, from which the G. cydonium RTKs diverged first.
